Gynodioecy, the co-occurrence of female and hermaphroditic individuals within a population, is an important intermediate in the evolution of separate sexes. The first step, female maintenance, requires females to have higher seed fitness compared with hermaphrodites. A common mechanism thought to increase relative female fitness is inbreeding depression avoidance, the magnitude of which depends on hermaphroditic selfing rates and the strength of inbreeding depression. Less well studied is the effect of biparental inbreeding on female fitness. Biparental inbreeding can affect relative female fitness only if its consequence or frequency differs between sexes, which could occur if sex structure and genetic structure both occur within populations. To determine whether inbreeding avoidance and/or biparental inbreeding can account for female persistence in Geranium maculatum, we measured selfing and biparental inbreeding rates in four populations and the spatial genetic structure in six populations. Selfing rates of hermaphrodites were low and did not differ significantly from zero in any population, leading to females gaining at most a 1-14% increase in seed fitness from inbreeding avoidance. Additionally, although significant spatial genetic structure was found in all populations, biparental inbreeding rates were low and only differed between sexes in one population, thereby having little influence on female fitness. A review of the literature revealed few sexual differences in biparental inbreeding among other gynodioecious species. Our results show that mating system differences may not fully account for female maintenance in this species, suggesting other mechanisms may be involved.
INTRODUCTION
Gynodioecy, the co-occurrence of female and hermaphroditic individuals, is the most likely stepping stone from having both male and female functions within the same flower to partitioning the two functions on separate plants. This is one of the most important transitions in plant breeding system evolution and scientists since Darwin have been interested in the factors involved (for example, Darwin, 1897; Charlesworth and Charlesworth, 1978; Barrett, 2010) . One factor that is critical for this transition is the relative seed fitness of females. Specifically, females need higher seed fitness than hermaphrodites to be maintained in populations, the amount ranging from slightly 1 to 2 Â depending on the genetic control of sex (Charlesworth and Charlesworth, 1978; Gouyon et al., 1991; Bailey et al., 2003) . Additionally, higher relative female seed fitness can increase female frequency in a population, and also strengthen selection for hermaphrodites to become increasingly male (Charlesworth and Charlesworth, 1978; Gouyon et al., 1991) . Because of its importance, many studies have investigated the mechanisms and magnitude of higher female relative seed fitness in gynodioecious species (reviewed in Shykoff et al., 2003; Dufay and Billard, 2012) .
One mechanism that has been proposed for increasing female seed fitness is inbreeding depression avoidance. Inbreeding depression, the reduction of fitness of offspring from matings between related individuals, can be caused by selfing (mating with self) or biparental inbreeding (matings between relatives). Because females cannot selfpollinate and therefore do not incur inbreeding depression through selfing, they should produce, on average, more and/or better seeds than hermaphrodites if the frequency of selfing (s) in hermaphrodites is high and inbreeding depression (d) is severe. For example, in Silene vulgaris, high inbreeding depression (dB0.50; Glaettli and Goudet, 2006) and high selfing (sB0.76; Miyake and Olson, 2009) led to a 60% increase in female fitness. In many gynodioecious species, hermaphrodites self to a certain degree (reviewed in Collin and Shykoff, 2003) and generally have high inbreeding depression (Mutikainen and Delph, 1998) , suggesting that inbreeding avoidance potentially has an important role in determining female fitness advantage (FA) .
Less well studied is the extent of biparental inbreeding and its effect on female FA. Biparental inbreeding can occur in both females and hermaphrodites and can also result in inbreeding depression (for example, Mutikainen and Delph, 1998; Delph, 2004; Chang, 2007) . In fact, biparental inbreeding rates in females can reach as high as 40% in some species (for example, Maki, 1993; Kohn and Biardi, 1995) , suggesting that biparental inbreeding could have a role in determining female FA if the frequency and/or fitness consequences of biparental inbreeding differ between sexes. Differences in the frequency of biparental inbreeding may be facilitated when sexes are not randomly distributed (spatial sex structure) and individuals are surrounded by genetically related individuals (positive spatial genetic structure). For example, in sex structured populations, females are surrounded by other females and, hence, pollen they receive is likely to have been transported from further away. In contrast, hermaphrodites are more likely to be surrounded by other hermaphrodites and, hence, can receive genetically related pollen from near neighbors leading to biparental inbreeding. Sex structure has been found in several gynodioecious species De Cauwer et al., 2010; De Cauwer et al., 2012) and spatial genetic structure is common in plants (reviewed in Heywood, 1991; Epperson, 1993) , suggesting that differences in biparental inbreeding rates could be common, and therefore could have an important role in determining relative female advantage.
To determine the contributions of both selfing and biparental inbreeding to the maintenance of females, we estimated selfing and biparental inbreeding rates and spatial genetic structure in populations of G. maculatum. Previous studies in this species have shown that inbreeding depression is strong, is early acting, and occurs for both selfing and biparental inbreeding (Chang, 2007) . Also, populations show spatial sex structuring (Van Etten and Chang, 2009) , potentially facilitating differences in levels of biparental inbreeding. Using allozyme markers and populations at the extreme ends of the range of observed sex ratios, we investigated (1) the degree of FA that females gained through inbreeding avoidance, (2) whether spatial genetic structure occurred within populations and (3) whether differences between sexes existed in biparental inbreeding rates. We applied our results to explore whether the female advantage from selfing was sufficient to explain their maintenance, given the two common types of genetic control, and if differences in biparental inbreeding could affect the maintenance of gynodioecy in this and other species.
MATERIALS AND METHODS

Study species
G. maculatum is a gynodioecious, rhizomatous perennial occurring in eastern North America (Å gren and Willson, 1991) . Populations are located predominantly in the understory and contain from five to more than a thousand flowering individuals (SMC, personal observation.). Flowering begins in early spring, with individuals producing on average six flowers per inflorescence (Chang, 2006) . Flowers are visited by generalist pollinators including bees, flies and butterflies. Each fruit can produce at most five seeds, which are dispersed by elastic dehiscence of the schizocarp to an average of 3 m from the maternal plant (Stamp and Lucas, 1983) . Based on field and greenhouse observations, hermaphrodites generally produce o10% female progeny, whereas females produce about equal proportions of female and hermaphroditic progeny (Van Etten and Chang, unplublished; Chang, 2007) , suggesting that sex is under nuclear or cyto-nuclear control. Females have small aborted anthers and smaller petal sizes compared with hermaphrodites (Å gren and Willson, 1991; Chang, 2006) . Local populations near Athens, GA, USA range in female frequency from 0 to 50% (Chang, 2006) .
Populations
Seven populations, four with no females (monomorphic; M1-M4) and three with females (dimorphic; D1-D3), were selected (Table 1) . For mating system analyses we sampled two populations of each type (M3, M4, D1 and D3), and for the genetic structure analyses we sampled three populations of each type (M1, M2, M3, D1, D2 and D3). All populations were located in Clarke County, GA, USA except population M4, which was located in adjacent Oconee County, GA, USA (Table 1) , with the distance between populations ranging from 100 m to 5.44 km. Populations varied in size, density and sex ratio (Table 1) . Populations D1 and D3 had been studied previously in Chang (2006; 2007) and designated as OT and MP, respectively.
Mating system sampling
Seeds for mating system analyses were collected in Spring 2004 for D1, D3 and M3, and in Spring 2008 for M4. In each population, seeds were collected from 16 to 31 plants of each sex (where applicable) by covering the entire infructescence with mesh bags until seeds were mature, resulting in seeds from multiple fruits. For each individual, 9-20 seeds were randomly selected for extraction (see Table 2 for sample sizes). Half of the seeds from population D1 were scarified, germinated, and grown in the greenhouse. This procedure, however, was later abandoned because germination rates were low. For the remaining seeds from D1 and for all of the seeds from D3, M3 and M4, seeds were used directly for allozyme extraction. These seeds were prepared by scarifying the seed coat, soaking the seeds in de-ionized water at 5 1C for 24 h to soften the seed coat, and carefully removing the seed coat before placing the seeds at 5 1C for an additional 1-2 weeks before extraction. Except the seed coat, mature seeds in this species contain predominantly embryonic tissues, thus, representing the progeny genotype.
Genetic structure sampling
Strategies to obtain leaf samples for B96 flowering individuals of each sex from each population differed by population because of the variation in population size and density. To sample throughout the populations, one (M3), two (D3) or three (M1, M2, D1, D2) 1-m-wide transects were placed across a population. For populations with too few plants within the transects (M2, M3 and D2), transects were widened until they contained the appropriate Table 1 Population descriptions including the location, percentage of females (% F), the approximate number of flowering ramets, the number of individuals sampled for the spatial genetic structure analyses (N S ) if appropriate, adult density and the average distance between neighboring plants number of plants. For populations with too many individuals within transects (D1 and D3), a random subset of individuals were sampled. Plants used in the genetic structure analyses were mapped to the nearest cm by stretching a meter tape down the length of a transect and measuring the distance from the plant to the tape with a meter stick perpendicular to the tape. Locations were then converted to (x, y) co-ordinates to allow analysis of spatial genetic structure.
Genotyping
Seeds (for mating system analysis) and leaves (for spatial genetic structure analysis) were crushed and their enzymes extracted using the extraction buffer of Wendel and Parks (1982) . Protein extracts were absorbed onto 4 Â 6-mm wicks punched from Whatman 3 mm chromatography paper and stored at À70 1C for later electrophoretic analysis. Eleven or twelve polymorphic allozyme loci were resolved for each population for the mating system analyses and eight loci were resolved for the genetic structure analyses. Wicks were placed in 10% starch gels for electrophoresis, and enzyme stains were resolved on one of four buffer systems adapted from Soltis et al. (1983) , Cheliak and Pitel (1984) or Manchenko (1994) : buffer system 8-(stains DIA1, DIA2, FE1, FE3, AAT), system MC (UGPP, F-16, LAP), system 4 (PGM1, PGM2, IDH1, IDH2, LAP) and system 11 (MDH2, PGI). Owing to different levels of enzyme activity, some loci were not scorable for a portion of the individuals. To avoid biasing our analyses due to missing data, we removed individuals or loci that were missing 30% of the genotypic data from the spatial genetic structure analysis of that population (number removed: M1 ¼ 19, M2 ¼ 1, D1 ¼ 10 and D3 ¼ 29). In addition, we identified and removed clonal ramets as individuals that had the same multilocus genotype, sex, and were within 1 m of each other (number removed: M1 ¼ 16, M2 ¼ 5, D1 ¼ 28 and D3 ¼ 30).
Mating system analysis
To determine the extent of selfing in hermaphrodites, the biparental inbreeding rate in females and hermaphrodites, and whether these rates differed by population type, several mating system parameters were estimated. These parameters included the multilocus outcrossing rate (t m ) and the mean singlelocus outcrossing rate (t s ), which were then used to calculate the selfing rate (s m ¼ 1 Àt m ) and biparental inbreeding rates (b ¼ t m Àt s ) for females and hermaphrodites. Selfing rates for females should be zero; however, it is possible to get a non-zero value if variation in the genetic markers is not sufficient to completely distinguish selfing from biparental inbreeding (Brown, 1990) . For each measure, 1000 bootstraps were used to obtain 95% confidence intervals, which were used to determine whether selfing was significantly different from zero and to compare between populations. To compare estimates between sexes within the same population, we coded the female mothers and hermaphrodite mothers as different groups, which allowed a statistical comparison between the two groups by resampling the data and determining the s.d. of the difference between the groups. Values were considered to be significant if the actual difference was greater than twice the s.d. All parameters were calculated using MLTR v.3.4, which uses a maximum likelihood technique for mating system parameter estimation (Ritland, 2002) . Data from both germinated and ungerminated seeds were included in the analyses. Removing germinated seeds from the analyses increased the outcrossing rate slightly, but did not change the relationship between sexes.
To account for early acting inbreeding depression, we also calculated the primary selfing rate (Maki, 1993) and primary biparental inbreeding rate that represent estimates of the rates immediately following pollination and prior to seed abortion due to early acting inbreeding depression. We used cumulative predispersal estimates of inbreeding depression from Chang (2007) , which was calculated using the number of seeds produced per pollination. To calculate primary selfing rates for hermaphrodites (s z ), population-specific estimates of inbreeding depression in seed production for D1 and D3 (cumulative predisperal inbreeding depression d pre ¼ 0. 40 and 0.70, respectively; Chang, 2007) were used in the following calculation: s z ¼ s/(1 Àd pre þ sd pre ). Similarly, to calculate primary biparental inbreeding rates for both females and hermaphrodites (b zF , b zH , respectively), population and sex-specific estimates of biparental inbreeding depression were used for example, (Chang, 2007) .
To determine the FA that females gained through inbreeding avoidance, we combined the selfing rates of hermaphrodites with previously estimated inbreeding depression. Although not a lifetime measure of cumulative inbreeding depression, Chang (2007) measured inbreeding depression through two years, from which we calculated cumulative inbreeding depression as: 
Spatial genetic structure analysis
We analyzed spatial genetic structure within populations using correlograms, which characterize the genetic relationship between pairs of individuals separated by various distances (Ennos, 2001) . Genetic relatedness was calculated using the multilocus autocorrelation coefficient, r, described in Smouse and Peakall (1999) . This coefficient is bounded by one and negative one, with positive values indicating that individuals are more related than expected by chance given the allele frequencies in the population, and negative values indicating that individuals are less related than expected by chance. For each distance class, mean genetic relatedness between pairs of individuals at that distance class is calculated, and tested to see if it is significantly different from zero by bootstrapping the genotypes. A relatedness value of 0.5 represents pairs whose relatedness is equivalent to full sibs and 0.25 is equivalent to halfsibs. Genetic structure was tested using GenAlEx v.6 (Peakall and Smouse, 2006) . To allow comparisons with other species, several other indices were calculated. The Sp statistic, which essentially measures the rate of decrease of spatial genetic structure with distance, was calculated for each population and averaged (Vekemans and Hardy, 2004) . It was calculated as b/(F 1 À1), where b was the slope of the decrease in relatedness over the logarithm of the distance between pairs up to 500 cm and F 1 was the relatedness at the first distance class calculated according to Loiselle et al. (1995) . All analyses involving Sp were performed using SPAGeDi v1.1 (Hardy and Vekemans, 2002) . Population genetic parameters were calculated using GenAlEx (Peakall and Smouse, 2006) , including observed and expected heterozygosity (H o , H e , respectively) and the proportion of genetic diversity found among populations (F ST ; Supplementary Table S1 ).
RESULTS
FA gained from inbreeding avoidance
The selfing rate was not significantly greater than zero in any population. The estimated selfing rate of hermaphrodites ranged from À14.0 to 4.7% (Table 2) . Non-negative values of selfing were only found in hermaphrodites in dimorphic populations (D1: s m ¼ 0.008; D3: s m ¼ 0.047). After accounting for early abortion of selfed seeds, primary selfing rates were estimated to be 1.3% and 14.1% in D1 and D3 hermaphrodites, respectively. The combination of primary selfing rates and previously measured inbreeding depression led to a female FA of 1.01-1.14 through inbreeding (depression) avoidance in the dimorphic populations.
Spatial genetic structure and biparental inbreeding All populations showed significant spatial genetic structure at short distances (Figure 1) . Across all populations, average relatedness between pairs of individuals that were 75 cm apart (the smallest distance class) was 0.216, approximately that of half-sibs. The Sp ranged from 0.031 to 0.109, with an average of 0.050 (Figure 1) . Despite significant spatial genetic structure, biparental inbreeding rates were low (average of 5.2%; Table 2 ) and only differed significantly from zero in hermaphrodites in population D3. Calculating the primary biparental inbreeding rates for the dimorphic populations slightly increased the estimates to a maximum of 21.1%.
Differences in biparental inbreeding
Biparental inbreeding rates of hermaphrodites were significantly higher than those of females in the D1 population (difference ¼ 0.202, s.d. ¼ 0.098) but not in the D3 population (difference ¼ 0.031, s.d. ¼ 0.067). Including this sex difference in the calculation of the female FA resulted in a slight increase (1.01 from only selfing vs 1.14 from selfing and biparental inbreeding).
DISCUSSION
How much FA do females gain through inbreeding avoidance and is it enough to explain their maintenance? Despite the high levels of inbreeding depression found in a previous study (Chang, 2007) , the resulting advantage for females through inbreeding avoidance is small owing to low levels of selfing in hermaphrodites. Both the measured seed selfing rate (0.8-5% for dimorphic populations) and the estimated primary selfing rate (1-14%) are low compared with the average of 30-50% selfing found in other gynodioecious species . Whether the resulting 1.01-1.14 Â advantage is enough to maintain females depends on the genetic control of sex. If sex is under nuclear control, a 2Â advantage is needed for females to be maintained (Charlesworth and Charlesworth, 1978) , and thus, inbreeding avoidance would not be enough to explain female maintenance. Requirements for female maintenance if sex is under cyto-nuclear control (male-sterility determined by a cytoplasmic gene and male fertility restored by a nuclear gene) are more complex, but can be as low as slightly 41 Â when the cost of having the restorer allele is high (Gouyon et al., 1991; Bailey et al., 2003) . Thus, if sex is under cytonuclear control, the advantage we found could be enough to maintain females, but only if restoration costs were high. A study to understand the genetic control of sex determination in G. maculatum is underway.
Does spatial genetic structure occur within populations and does this lead to biparental inbreeding? We found significant spatial genetic structure at the smallest distance classes. Pairs of individuals within 75 cm distance had an average relatedness of slightly less than that of half-sibs. Sp values ranged from 0.031 to 0.109, which is similar to those found in species with mixed mating (0.0372) or herbaceous life forms (0.0459), but slightly higher than species with animal dispersed pollen (0.0171; Vekemans and Hardy, 2004) . Several other studies have examined fine-scale genetic structure in gynodioecious species, with varying results. Structure of mitochondrial haplotypes was found in few populations and only at distances o2 m in Silene acaulis, a long-lived, insect pollinated, perennial with gravity dispersed seeds (Klass and Olson, 2006) . The authors suggested that the lack of structure could be due to long distance wind dispersal of seeds or few available unoccupied habitats. Interestingly, De Cauwer et al. (2010) found differing patterns of structure within a single population of Beta vulgaris, a short-lived, wind pollinated, perennial with gravity dispersed seeds. Bayesian analysis suggested that the population consisted of two groups, which the authors speculated to be due to historical restriction of pollen and seed dispersal. In one group, both cytoplasmic (Sp ¼ 0.3186) and nuclear markers (0.0171) had significant structure, whereas the other group had very little (0.0168, 0.005, respectively). Results from these studies suggest that idiosyncratic species traits and localized conditions could be important in creating spatial structure, and therefore, generalizations across gynodioecious species may not be possible.
Despite significant spatial genetic structure, biparental inbreeding was low overall and ranged from 0 to 18.2%. Accounting for possible early biparental inbreeding depression found in the dimorphic populations in a previous study (Chang, 2007) increased the rates to at most 21.1%. Our rates of biparental inbreeding are similar to those found in other gynodioecious species, ranging from 0 to 31% (Figure 2, Supplementary Table 2 ). In gynodioecious species, two methods have been used to estimate biparental inbreeding rates and produce different estimates. First, because females are necessarily outcrossed, any selfing rate greater than zero should be from undetectable biparental inbreeding, which results in a range from 0 to 26% across gynodioecious species (Figure 2a) . Second, the common method of subtracting the multilocus selfing rate from the single-locus selfing rate resulted in a range of 0-31% biparental inbreeding (Figure 2b) . These values are not outside of the normal range of values for plant species. For example, Brown (1990) found a range of 0-15% biparental inbreeding across a variety of species, with an average of 3.6%.
Do differences in biparental inbreeding affect female maintenance? As both females and hermaphrodites can inbreed biparentally, relative female seed fitness will only be affected if the sexes differ in their biparental inbreeding rates or the severity of biparental inbreeding depression. For G. maculatum, Chang (2007) found that the sexes didn't differ in the severity of biparental inbreeding depression (P ¼ 0.41, Chang, 2007) . However, in population D1, hermaphrodites had significantly higher biparental inbreeding rates than females (18.2% vs À2.0%). Despite this large difference and relatively high biparental inbreeding depression (d b ¼ 0. 49-0.66; Chang, 2007) , because the overall biparental inbreeding rates are low, the effect on female advantage was small-increasing from 1.01 to 1.14. Several studies have suggested that biparental inbreeding rates estimated from a mating system analysis, as presented here, can potentially underestimate actual rates because these estimates depend on the number and variability of loci used to adequately distinguish between progeny from selfing versus biparentally inbreeding (Leclerc-Potvin and Ritland 1994; Ritland, 2002; Griffin and Eckert, 2003) . Because of the high number and the decent variability (Supplementary Table S1 ) of loci we used in this study, our estimates are unlikely to have suffered significantly from such bias. In addition, given the extremely low selfing rates in hermaphrodite and the moderate level of biparental inbreeding depression, it would take a very large difference in biparental inbreeding rates to substantially affect the female FA. For example, it would take a biparental inbreeding rate of 67% for hermaphrodites and 0% for females to bring female's relative seed fitness to be 1.5 Â of hermaphrodite's fitness. Combined, there is little support that biparental inbreeding could have significantly affected the magnitude of female FA in G. maculatum.
Studies in which biparental inbreeding rates were measured for both females and hermaphrodites show no consistent pattern of differences between the sexes (Figure 2 ; Supplementary Table S2) . Including this study, 3 of 10 studies showed females had significantly lower biparental inbreeding than hermaphrodites in at least one population, whereas the rest of the studies showed no significant differences. These studies suggest that the drastically different levels of biparental inbreeding needed to affect relative female fitness are not pervasive among gynodioecious species, and therefore may not have a large role in mating system evolution.
Implications for the evolution of gynodioecy Although inbreeding avoidance is one of the two common hypotheses regarding how females are maintained, a recent review showed it had a large role in only 7 of 18 self-compatible species (Dufay and Billard, 2012) . Our results seem to support this trend; we found that the low selfing rate in hermaphrodites led to G. maculatum females gaining only a 1-14% increase in fitness through avoiding inbreeding. If sex is under nuclear control, a 100% fitness increase in females is needed, which is clearly not gained through inbreeding avoidance alone. Additional fitness increases could be gained if females had lower rates of biparental inbreeding. However, despite considerable spatial genetic structure, biparental inbreeding rates were low and only different between sexes in one population. In this population, despite a higher biparental inbreeding rate, the increase gained by females was incremental. This negligible effect of biparental inbreeding may be ubiquitous across gynodioecious species as our literature review of biparental inbreeding rates showed low rates that rarely differed between sexes. These observations suggest that instead of the mating system being the primary factor in the evolution and maintenance of females, other mechanisms, for example, context dependent selection (Ashman and Diefenderfer, 2001; Case and Ashman, 2007; Dufay et al., 2009) or biotic interactions such as herbivory (Ashman, 2002) and mychorrizal associations (Pendleton, 2000; Varga, 2010; Varga et al., 2013) , may be more important in many gynodioecious species, including G. maculatum.
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